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LITERATURE REVIEW 
From the patient's standpoint esthetics is of para-
mount importance when seeking dental treatment in the 1990 's. 
Any restoration with exposed metal is no longer an acceptable 
treatment for an increasing number of patients. There-fore, 
dentists are challenged to modify treatments to satisfy a 
multitude of cosmetic demands. 
Dental ceramics permit the dentist to create life-like 
restorations with excellent appearance. Optical properties 
close to those of human enamel can be achieved. In the last 
20, years, the use of metal ceramic and all ceramic restorat-
ions has grown markedly 1 ' 2 • Combe and Grant 2 summarized the 
characteristics that make porcelain a good material to be 
used in the oral environment as follow: 
1. Porcelain is a biocompatible material because it is non-
toxic to the tissues. Topazian et al (1972) studied the 
potential use of cermanics as implant materials. 
2. Porcelain has excellent chemical properties. It resists 
the attack of many chemicals, and does not present 
problems within the chemical conditions of the mouth. 
3. Porcelain, enamel and dentine are good thermal 
insulators and have low coefficients of thermal 
expansion. 
2 
4. Porcelain has excellent esthetic characteristics, it is 
translucent and can be pigmented. 
Al though today' s dental ceramics 
biological and esthetic restorations 
properties are not 
restorations. 
ideal, especially 
provide good 
their physical 
for posterior 
Porcelain is mainly composed of kaolin, feldspar and 
quartz. Each component gives certain properties to the 
resulting material. In order to reduce fusing temperature, 
fluxes are added to the porcelain. Kaolin has the negative 
effect of increasing the opacity, but helps to improve the 
molding properties of porcelain powders because porcelains 
are fired below the fusing temperatures of Kaolin and this 
helps the restoration to keep its shape during the firing 
cycle. In order to provide different porcelain shades 
thermostable pigments are included in the powder; for 
example; oxides of titanium, chromium, nickel, iron, etc. 1 • 
The components of dental porcelain can be changed to obtain 
materials with better properties. Other materials such as 
feldspathic glass, alumina, quartz and fused silica have been 
added to increase the strength. In 1965, Alumina crystals 
with higher strength but similar coefficient of thermal 
3 
expansion were added to dental porcelain. These crystals 
prevent crack propagation. However they also increase opacity 
and therefore the esthetic properties of the ceramic material 
are damaged. 2 The properties of porcelain can be altered 
also by manufacturing procedures and by changing the 
geometrical shape of the particles in the powder. These 
techniques have been successfully used for the fabrication 
of industrial parts such as ceramic ball bearings. "Glazing 
is a further stage of advancement in vitrification from the 
bisque finish" 3 • This treatment gives porcelain a shiny 
surface that resemblance the appearance of natural teeth. 
The procedure consists of melting the most superficial layer 
of the porcelain to produce better coalescence of the 
particles and eliminate surface defects. It is very 
important to select the right temperature and time to prevent 
the loss of surface detail such as line angles, as well as 
preventing overglazing which gives the restoration an 
artificial look. 15 Some authors consider glazing a method to 
increase strength by the production of compressive stress in 
the surface layer of lower thermal expansion, nevertheless 
the application of this concept to dental porcelain is 
questionable. 14 
In order to understand how we can improve the 
properties of dental porcelain we must know which are the 
main causes of failure. Dental porcelain fractures when 
4 
stress concentrates around microcracks in the surface. Since 
ceramics are brittle substances they have a small work of 
fracture. Cracks as small as 0.2 microns wide and 0.025 mm 
deep can not be tolerated when porcelain is under load. 3 
Flaw systems can be introduced to dental ceramic restorations 
during manufacturing due to surface porosity, abrasion, 
grinding effects and thermal stress 3 
Another characteristic of Dental porcelain is that 
fractures will not propagate easily when the material is 
under compression. On the other hand, tensile stress can 
overcome surface compression and may cause surface cracks to 
propagate. It is therefore necessary to provide support for 
porcelain to prevent tension concentrations at any point or 
else fracture result. This is clinically significant because 
when fabric-ating porcelain jackets crowns the preparation 
design must 
incorporate support for the ceramic to prevent such stress 
concentrations. This also is true for metal ceramic 
restorat-ions where the metal framework must provide the 
support. 
In 1957 Saachi and Paffenbarger4 reported compressive 
strength of dental porcelain of 340 N/mm2 , sufficient in the 
oral environment. Porcelain is weaker under tensile stress, 
than under compressive loading. Tensile forces are generated 
intraorally especially with patients who brux or exhibit 
parafunctional activities. Thus it is appropriate to use a 
5 
mechanical test designed to study tensile failure of 
ceramics. 4 Shevlin and Lindenthal5 considered that mechanical 
testing of dental porcelain with a slow bend test was 
affected by the following factors. 
1. Surface texture (surface flaws) 
2. Gaseous or liquid environment of the specimen under test 
3. Ratio of span to diameter (cross sectional area) of the 
specimen. 
4. Cross section 
5. Configuration load 
6. Application rate of load 
Kelly, Campbell and Bowen conducted a study of 
quantitative fractography on dental porcelains and they found 
that fractures always initiate at the surface in areas with 
porosity. studies of quantative fractography have the 
advantage that they can be applied to porcelain restorations 
that failed clinically and provide useful information such 
as the location of the source of failure as well as 
calculation of the stress at failure in vivo 6 • 
Over the years consistent efforts have been made to 
overcome the physical limitations of dental porcelain. Some 
of the methods developed to make porcelain stronger are 
discussed in the following paragraphs. 
Dispersion strengthening of glasses: dental porcelain 
can be strengthened by adding ceramic crystals of high 
strength and elasticity in the glass matrix. 3 These crystals 
6 
should be chosen based on: fusion temperature, coefficient 
of thermal expansion, bonding properties with dental 
porcelain, mechanical strength and thermal shock resistance; 
crystals used include quartz and alumina. 3 Alumina has a 
coefficient of thermal expansion and thermal shock resistance 
similar to dental ceramics. It acts by prevention of crack 
propagation through the ceramic (McLean and Hughes, 1965). 
However, the addition of alumina makes it more opaque and is 
detrimental to the esthetic properties of the material. 2 
Enamelling of Metals: This method consists on 
reinforcing the inner surface of the ceramic with metal. 
Thus fractures will occur only if the inner skin is separated 
from the strong alloy, or deformed: This assumes that a 
strong bond between the porcelain and the metal exists. The 
primary disadvantage of this approach is that it mandates 
additional tooth reduction in order to provide space for both 
metal and porcelain within the confine of normal tooth 
morphology. 
Enamelling of high strength crystalline ceramic: This 
kind of reinforcement works in the same way metal does in 
metal-ceramic techniques. It consists of using a ceramic 
with a higher flexural strength comparable to that of metals 
to build the inner core of the ceramic restoration. 
Materials that could be used with this technique include 
ceramics that undergo some form of recrystallization during 
firing and the high alumina porcelains (75% alumina). 
controlled crystallization of glasses: 
7 
This method 
of strengthening porcelain is based on the addition of 
metallic salts such as phosphates, after which the material 
is heated to a temperature below its fusing range, making 
crystals to form around the metallic salt. The result is a 
ceramic that is stronger and more opaque. McCulloch (1968) 
developed the concept to be used for the fabrication of teeth 
with different shades. 2 
Production of Pre-stressed surfaced layers in dental 
porcelain via ion-exchange: Ion exchange is a low temperature 
method to establish surface compression in the porcelain. The 
solid glass is immersed in a molten salt bath at temperature 
lower than the annealing temperature of the glass to increase 
ionic motion. 
Ion exchangers are inorganic, organic or synthetic 
substances which contain mobile ions that will exchange with 
other ions in a surrounding solution. 7 These substances 
basically consist of two parts: the chemical base substance 
attached to which are acidic or basic hydrophilic ionizable 
groups. These ionizable groups have mobile ions that can 
react with other ions when in an aqueous solution. The 
chemical properties of ion exchanger are determined by the 
functional groups. There are two basic types of ion 
exchangers, cation or anion exchanger depending on the charge 
of the ions that they undergo reaction with. 7 
Ion exchanger properties: 
1 . Ion exchange reactions are equivalent: for every ion 
removed from the solution by the exchanger, an ion of 
similar charge is released from the exchanger. 
8 
2. The capacity of the ion exchanger depends on the number 
of exchange sites. 
3. The equilibrium between the counter ions depends on the 
concentration of each ion in the solution and the affinity 
of each ion to the exchanger. The affinity of the ion to 
the exchanger depends mainly on the relative charge of 
the counter ions and the ionic radius of the hydrated 
competing ions. 
Mechanisms of ion exchange reactions: 
1. Ion exchange equilibria: Ion exchange occurs until 
equilibrium is achieved. There are two categories of 
physical-chemical formulation to explain this: 
a. Absorption phenomenon 
b. Donnan equilibrium theory or the mass-action law 
2. The Donnan Membrane theory: 
This theory explains the unegual distribution of a 
diffusible electrolyte between two aqueous phases 
separated by a membrane permeable to water and both 
ions of the electrolyte. There must also be a large 
non diffusible ion in only one side of the membrane. 
This can be applied to an ion exchange reaction: the ion 
exchanger constitutes the nondiffusible ion, and the 
boundary surface of the ion exchanger is the membrane. 
3 • Application of the law of chemical equilibrium to ion 
exchange reactions. 
9 
The equilibrium quotient for an ion exchange 
reaction is expressed as an "apparent exchange constant" 
or equilibrium quotient and is indicate by the symbol kq. 
The equilibrium quotient for an ion exchange reaction 
varies with the concentration of the involved ions both in 
the internal solution and the amount of each ion bound to the 
exchanger, but it is still a useful quantity to express ion 
exchange data. 
The equilibrium quotient is often referred as a 
selectivity coefficient of an ion and it can be used to 
establish the selectivity scale of an ion exchanger for a 
group of ions. 
4. The rate of ion exchange reactions. 
There are two rate-controlling steps that determine 
the speed of an ion exchange reaction: film diffusion 
and particle diffusion. 
The laws of diffusion regulate the kinetics of ion-
exchange reactions in the following way: 
1. Diffusion of ions throughout the adherent liquid film 
surrounding ion exchanger bead. 
2. Diffusion of ions within the ion-exchanger to the exchange 
the sites. 
3. The actual exchange of one counter ion for another. 
4. Diffusion of the exchanged ions to the surface of the 
ion exchanger bead. 
5. Diffusion of the exchanged ions through the adherent 
surface film in the bulk of the solution. 
10 
The concept of ion exchange is being applied to 
enhance the strength of the dental ceramic restoration under 
tensile load produced by occlusal forces. It is a way to 
produce a compressive layer at the surface which will make 
the porcelain stronger because it will be necessary for 
tensile forces to overcome the surface compression before 
they can concentrate at a flaw and cause propagation of 
the fracture. 8 •9 •10 
In order to produce this compressive layer Na+ ions 
present in the ceramic are substituted by K+ ions in the ion 
exchange solution. Since K+ ions are bigger than Na+ ions by 
more than 25%, the silicate network of the ceramic is forced 
together and compression is produced. 
Ion exchange treatment produces a compressive layer 
because the exchange of Na+ by K+ in the outer layer also 
results in a lowering of the coefficient of thermal expansion 
of the outer layers, consequently when the sample cools down 
the surface is placed in compression. 13 
The temperature is increased in order to promote ion 
movement but the procedure is done at a temperature below the 
annealing temperature of the glass to prevent stress 
relaxation. 10 
11 
southan in 1970 studied the effect of ion exchange on 
dental porcelain and he found a spectacular increase in 
modulus of rupture. 
Dunn, Levy and Reisbick studied the effect of various 
temperatures and times on the process of ion-exchange. They 
found that the optimum temperature was 400 degrees at times 
of 1 and 4 hour. Higher temperature or longer times are not 
desirable because stress relaxation will be produced and the 
degree of compression will be reduced. Nevertheless, this 
could vary according to the composition of different 
porcelains. They also studied the effect of abrasion on the 
strength of chemically treated samples and they concluded 
that the compressive skin was thick enough to withstand the 
abrasions procedure used in their experiment, as well as the 
introduction of flaws in the surface. They observed strength 
twice higher than in the untreated samples. 8 
Seghi et al studied the effect of ion exchange on the 
flexural strength of different feldspathic porcelains. They 
concluded that although all porcelains showed an increase in 
flexural strength, some showed a more significant change 
probably due to differences in porcelain composition which 
result in differences in glass transition temperature. In 
this experiment only the time and temperature suggested by 
the manufacturer were used. It is possible that by adjusting 
time and temperature for each porcelain, better results can 
be obtained because other factors such as chemical 
12 
composition will also have an effect on the ion exchange 
process as well as the distribution of the stress in the 
compressive layer, and therefore on the resulting strength 
of the porcelain. 
Southan9 in 1987 studied the effect of surface injuries 
on the measured strength of chemically treated and untreated 
porcelains. He found that chemically treated porcelain was 
best suited to support tensile stress after weakening due to 
surfaces defects. Chemically treated samples with surface 
injuries were even stronger than untreated sample without 
surface injuries. Although surface injury reduced the 
strength of both treated and untreated samples when they were 
at the surface under tensile strength, it was not important 
when the scratches were on the other side, and the strength 
was reduced more drastically for the sample with no chemical 
treatment (80%) compared to the treated samples (60%). He 
also found that chemical strengthening is more effective when 
applied to alluminous laminates than when applied to plain 
quartz laminates. 
Jones14 studies the effect of ion exchange on three 
different porcelains with varying composition. The main 
difference is that he did the ion exchange treatment at a 
much higher temperature (830C) for periods of time as short 
as 5 minutes. He obtained an increase of 45% in the strength 
of the procelain. It has been suggested that under this 
conditions where the temperature is above the strain point 
13 
of the glass, the strengthening effect is due to the exchange 
of K+ for Na+ which results in a lower coefficient of thermal 
expansion at the surface layer, therefore on cooling, the 
surface is placed under compression. 13 
Since many new techniques and materials have been 
developed in the areas of ceramics a need exists to study 
their manipulative characteristics as well as their 
properties. Therefore, it is necessary to create a standard-
ized procedure to prepare samples for research with dental 
porcelain. 
The most commonly used method to prepare porcelain 
samples is through use of a vibration technique to condense 
porcelain into a mold usually of rectangular configuration. 
After firing, the sample is hand-finished to produce accurate 
edges and flat surfaces 3 • The main disadvantage of this 
technique is that hand-finishing is time consuming and likely 
to introduce surface defects. It also may result in samples 
of different geometrical shapes since the fabrication 
technique is very difficult to standardized 4 • 5 • 
In 1973, Southan 6 described a technique to make 
porce-lain samples of a disc configuration. His technique 
consisted of condensing the porcelain in an annular brass 
mold. After firing, the samples were machined to obtain 
accurate dimensions and the desired thickness; still the 
samples were hand-finished. This type of sample under 
mechanical testing with a three point supporting system and 
14 
a central load demonstrated a lower degree of variation than 
the rectangular wafer did under comparable test conditions. 
The purpose of this study is to develop a technique to 
fabricate circular disc type porcelain samples that provides 
a better standardized procedure, that does not require 
machinery or hand finishing of samples or at least minimizes 
such. Also the effect of glazing and ion exchange on the 
strength of dental porcelains is investigated. 
MATERIALS AND METHODS 
Materials in this study included: Vita VMK 68 
porcelain, dentin powder 554 (Vita Zhanfabrik, Bad Sackinger, 
FRG) and Tuf-Coat (GC Dental Tucson, AZ), an ion exchange 
strengthening agent for dental porcelain. 
Specimens were fabricated in a stainless steel die 
provided by The American Dental Association (Mr. Zakir Zabri, 
CDMIE) resulting in fired discs 11.00mm diameter and 
thicknesses of 2.1mm, 2.3mm and 2.5mm. The die gave exact 
dimensions. 
EQUIPMENT: 
1. Mold: Use of a cylinder shaped mold made of stainless 
steel is advocated. The authors used a mold with an 
internal diameter of 12.7mm which could be altered as the 
specific demands of the test requires. The mold has two 
highly accurate machined plungers to condense the samples 
(Fig 1.). 
2. Balance and syringe. 
15 
3. Hydraulic press (Bvehler Ltd. Metallurgical Apparatus, 
Evanston, IL) 
16 
4. Refractory tray wrapped with platinum foil to prevent the 
sample from sticking to the tray. 
5. Furnace (Ultra-Mat CDF, Unitek) 
PROCEDURE: 
1. An exact amount of porcelain powder and modeling liquid 
is mixed to a creamy but rather dry consistency. Powder/ 
liquid ratio is initially determined empirically and then 
standardized by weight and volume (Fig. 2) Under the 
experimental conditions ratios. of 10:1, 11:1 and 60:1, 
were all successfully Used to produce discs with the 
following thickness: 2.1, 2.3 and 2.5mm (See table 1) 
The mix is placed into the mold. The plungers are 
positioned and the assembly is placed in the hydraulic 
press. 
3. The press is activated and the specimen is condensed for 
10 minutes under 5000psi (Fig. 3). Note: The mold must 
be cleaned scrupulously after each sample is removed to 
prevent the porcelain from sticking to the walls. 
4. The sample is removed from the mold by gently using the 
plunger to push the specimen out of the cylinder. The 
operator can hold the specimen without fear of damage as 
17 
Fig. 1: Stainless Steel Die: the internal diameter is 12.3mm 
and it has 2 highly accurate machined plungers to condense 
the porcelain. 
Figure 2: Standardized amounts of liquid and powder. 
18 
Figure 3: Condensation of the sample for ten minutes under 
5000 psi in a hydraulic press. 
19 
Figure 4: Five condensed porcelain discs before firing. They 
were place in the refractory tray wrapped with platinum foil. 
Figure 5: Porcelain disc after firing: observe that perfect 
edges and shape are obtained without hand finishing. 
20 
long as only light finger pressure is used, and place it 
carefully on the refractory tray wrapped with platinum 
foil (Fig. 4). 
s. Fire the samples following manufacturer's instruction, or 
as test conditions require. As many as five specimens 
were successfully fabricated simultaneously without 
significant variation (Fig. 5). The samples were fired 
in an ultra-mat computerized display furnace by Unitek. 
The furnace was programmed as follows: low temperature 
of 1200 F, entry time of 5 minutes, vaccum level of 720 
mm Hg, vaccum release temperature of 1760 F, High 
temperature of 1760 F temperature rate of 100 degree/ 
minute, time at temperature of o.o min and removal time 
of 1 minute. 
In this technique sample thickness is determined by 
the amount of porcelain powder condensed in the mold. 
Table #1 shows the information for the amount of powder 
and liquid used and the coefficient of variation in 
thickness, that resulted from samples fabricated in a mold 
as described above. For this study 50 samples were made: 
five with a thickness of 2.1mm, five of 2.3mm and 40 of 
2.5mm. 
After all 50 samples were fired, the thickness of 
each one was measured at four predetermined locations on 
the disc with a micrometer and the mean was calculated. 
Each sample was placed in a numbered envelope. 
21 
The samples were divided into 3 groups according to 
thickness. Group 1 consisted of five samples and the mean 
thickness was 2.10mm. Group 2 had five samples, the mean 
thickness of the discs was 2.32 mm. Group 3 consisted of 40 
samples with a mean thickness of 2.51. Group #3 was divided 
in four subgroups depending on surfaces treatment and 
location. The control sub-group had 10 disc with a mean 
thickness of 2.51mm, no surface treatment was done to these 
samples. 
The 10 specimens that were to be glazed for sub-group 
3b, were placed in the furnace programmed as follows: the 
low temperature was 1200 F and the entry time was 4 minutes. 
The vacuum level was 720 mm Hg and it was released at 1710 
F. The temperature rate was 100 degrees/minute with a high 
temperature of 1755 F which was held for 1 minute. The 
removal time was 1 minute. The mean thickness of the samples 
in this sub-group was 2.5mm. 
For the Tuf-coat sub-groups, after each sample was 
glazed for one minute as explained previously the ion 
exchange treatment was realized with an ion exchange 
strengthener (GC: Tuf-Coat). This material is supplied by 
the manufacturer in gel form. The gel was applied to all 
samples on one surface (see Fig 6). The samples were placed 
in a wax burnout oven at 15o0c for 20 minutes to be dried, 
subsequently they were heat treated at 450°c for 30 minutes 
(see Fig. 7) The samples were allowed to cool in open air 
22 
to room temperature. Each was rinsed under running water, 
and a mark was placed with color tape at its edge to 
indicate the surface where the ion-exchange treatment. Tuf-
coat 1 sub-group had ten discs with a mean thickness of 
2.somm and the surface subjected to ion-exchange treatment 
was located under tension. On the other hand for the Tuf-
coat 2 sub-group the ~urface where the ion-exchange treatment 
was applied was upward; the mean thickness of these ten 
samples was 2.51 mm. Table 2 summarizes the classification 
of the samples. 
23 
Figure 6: Application of the ion-exchanger gel on one 
surface of the porcelain disc. 
Figure 7: Porcelain disc after heat treatment with the ion-
exchanger. 
24 
MECHANICAL TESTING: 
Since dental ceramic materials usually fail under 
tensile stress a modified version of a three point 
supporting system and a central loading arrangement similar 
to sou than' s study 12 was selected. 
The mechanism was built on two steel plates that were 
attached to the Ins;tron machine. The plates were made 
concentric by means of two guiding holes and a cylinder with 
two guiding pins. 
The lower plate had three ball bearings (1/8 of an inch 
diameter) which were set equidistant from each other within 
a circle 8mm diameter. The balls were glued into holes 3/32 
of an inch in diameter to keep them in place during the 
experiment. 
In order to provide a reference to locate the samples 
in the center, two pins were placed in the lower plate. They 
were located .288 inches from the center of the guide hole 
to the center of the pin. The pins were 60 degrees apart. 
The central loading was attached to the upper plate and 
consisted of a ball bearing of the same diameter which was 
glued into the guiding holes (see Fig. 8). 
The samples were broken and the load to fracture in 
pounds was registered. The Instron machine (Instron 
Corporation, Canton, Mass.) was calibrated using a 1000 
pound load cell set for 100 or 200 pounds full scale at a 
strain rate of 0.02 inches/minute recorded at a chart speed 
Upper Plate 
• 
11 
I 
/ 
Ball Bearing glued into guide hole 
Lateral View 
FIGURE 8 
Lower Plate 
Radius innermost circle: 4 mm 
Intermediate circle: 5 mm 
External circle: 2.5 • 
1 ,2,&3: 11a• Ball bearings 
0 Angles: 60 
N 
U1 
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of 5 inches/minute. (Fig. 9 illustrates a sample in the 
Instron machine undergoing the mechanical test). 
Figure 9: Porcelain sample undergoing mechanical testing in 
the Instron machine. 
TABLE 1 
Liquid - Powder Ratio for different sample thickness 
Thickness Powderx 
2.1 
2.3 
2.5 
' (mm) (g) 
0.50 
0.55 
0.60 
Liquid Coefficient 
(cc) of variation 
0.05 
0.05 
0.10 
0.89 
0.49 
2.64 
*Vita VMK 68 (Vita Zhanfabrik Bad Sackingen, FRG) 
27 
Thick 
Group ness 
1 2.1 
2 2.3 
3 2.5 
Ja 2.5 
Jb 2.5 
Jc 2.5 
3d 2.5 
Table #2 
Classification of samples 
# of Sub- Surface 
samples group Treatment 
5 none 
5 ' none 
40 
lG control none 
10 glaze glaze for 
1 min 
10 tufcoat glaze+ion 
1 exchange 
10 tufcoat glaze+ion 
2 exchange 
28 
Surface 
Treatment 
Location 
tensile 
tensile 
tensile 
tensile 
tensile 
compres 
sion 
RESULTS 
In this study, a new procedure was employed to 
fabricate disc shaped porcelain samples. In order to asses 
the reprod-ucibilitr of sample fabrication with this 
technique, the mean porcelain disc thickness was calculated 
for each group. Group 1 had a mean thickness of 2.10mm a 
standard deviation of 0.0187 and a coefficient of variance 
of .8909. A mean thickness of 2.32mm was found for group 2; 
its standard deviation was 0.0114 and the coefficient of 
variance was 0. 0001. For group 3 mean thickness was 
calculated for each of the sub-groups. The control sub-
group had a mean thickness of 2.51mm, the standard deviation 
was 0.0129 and the coefficient of variance was 0.0002. A 
mean thickness of 2.51mm was found for the glazed sub-group, 
with a corresponding standard deviation of o. 2444 and a 
coefficient of variance of 0.9715. Mean thickness for the 
Tuf-Coat 1 sub-group was 2.50mm with a standard deviation of 
0.0133 and a coefficient of variance of .5333. The Tuf-Coat 
2 sub-group had a mean thickness value of 2.51mm, standard 
deviation of .0149 and coefficient of variance of 0.5947. 
29 
30 
It should be noticed that all groups had a coefficient of 
variance for the thickness of the sample smaller than 1% 
(See also table 3). 
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TABLE 3 
Thickness Reproducibility of Samples 
Sub- Mean Coefficient 
Group group Thickness s.o. of Variance 
' 
(mm) 
1 2.10 0.02 0.8909 
2 2.32 0.01 0.0001 
3a control 2.51 0.01 0.0002 
3b glaze 2.51 0.02 0.9715 
3c Tuf-Coat 2.50 0.01 0.5333 
1 
3d Tuf-coat 2.51 0.01 0.5947 
2 
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In order to know the effect of sample thickness on the 
resulting load to failure, the coefficient of correlation 
between sample thickness and load to failure was calculated. 
A correlation coefficient of .9428 was obtained. At test 
was applied and the correlation between the two variables was 
significant at the .001 level. It has been observed that 
1 
thickness has direct influence on the strength of the 
porcelain sample. This fact must be observed carefully when 
comparing different studies. See Figure 10. 
Porcelain sample strength in this study was represented 
by the load to fracture necessary to break each disc. The 
lowest value was found for the control group with a mean load 
to fracture of 73. 20 pounds and a standard deviation of 2. 72. 
The glazed samples had a mean load to fracture of 79. 65 
pounds and a standard deviation of 7.04. Tuf-Coat 2 had a 
mean load to fracture of 88.00 pounds and a standard 
deviation of 9.70. The strongest samples were those in the 
Tuf-Coat 1 group with a mean load to fracture of 96.40 pounds 
and a standard deviation of 7.37. 
Statistical analysis of variance resulted in an F value 
equal to 19.81 (3 degrees of freedom). Thus, a significant 
difference at the 0.0001 level exists between the different 
surface treatments applied to the porcelain discs in this 
investigation. This information is sumarized on Table 4 and 
complete details are presented on tables 5 to 10 (see Figure 
11) . 
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FIGURE 10 
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and Load to Fracture 
80 
70 
-fl.I 
,Q 60 
-
-~ 
'- so ::s 
-(,J 
= 40 '-
'--
0 30 
-
"'0 20 = 0 
.J 
10 
0 
0 l 2 3 4 
Sample Thickness (mm) 
• Correlation Coefficient = 0.94286 
34 
TABLE 4 
Effect of Surface treatment on the strength of porcelain 
Sub- Mean Load Coefficient of 
group to fracture (lb) S.D. variance 
Control 73.20 2.72 7.40 
Glaze 79.65 7.04 8.84 
Tuf-Coat 1 96,. 40 7.37 7.64 
Tuf-Coat 2 88.00 9.70 11.01 
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-(j 
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~ 
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FIGURE 11 
Effect of Different Surface Treatments 
on Dental Porcelain Strength 
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There was no significant difference at the 0.05 level 
between the control and the glaze sub-groups when a student 
Newman-Keuls test was applied to the data. Nevertheless 
glaze samples were 8. 81% stronger than control samples. Tuf-
Coat 1 and the Tuf-coat 2 sub-groups were significantly 
different from the cqntrol and glaze sub-groups as well as 
between each other. Samples in the Tuf-Coat 1 sub-group were 
31.69% stronger than the samples in the control sub-group. 
Although this was the most pronounced difference, under the 
conditions of this study, all surface treatments seem to 
increase the dental porcelain strength. Figure 12 compares 
all four groups and shows the respective percentage of 
strength increase. In general there was an increase of 10% 
in dental porcelain strength progressing from the control 
sub-groups (no surface treatment) to the glaze sub-groups 
(glaze for 1 min) to the Tuf-coat sub-group (glaze+ ion 
exchange) either under tensile (1) or compressive (2) forces. 
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TABLE 5 
Group #1: Thickness and Load to fracture 
Load to Load to Load to 
Mean Facture Fracture Fracture 
Sample# Thickness (mm) (Pounds) (N) (Kgf) 
53 2.10 1 43.5 193.5 19.7 
54 2.08 50.0 222.4 22.7 
55 2.13 55.0 244.6 24.9 
56 2.10 47.0 209.1 21.3 
57 2.09 51. 0 226.9 23.1 
Mean 2.10 49.3 219.3 22.4 
SD 0.02 4.32 19.2 2.0 
c.variance 0.89 8.77 8.77 8.77 
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TABLE 6 
Group #2: Thickness and Load to Fracture 
Sample# Mean Load to Load to Load to 
Thickness (mm) Fracture Fracture Fracture 
(Lb) (N) (Kgf) 
48 2.33, 59.5 264.8 27.0 
49 2.32 55.5 246.9 25.2 
50 2. 31· 62.0 275.8 28.1 
51 2.32 56.5 251.3 25.6 
52 2.30 54.0 5.6 5.6 
Mean 2.32 57.5 255.8 26.1 
s.o. 0.01 3.22 14.33 1.46 
c. Variance 0.0001 5.60 5.60 5.60 
40 
TABLE 7 
Group #3 (Control): Thickness and Load to Fracture 
Mean, Load to Load to Load to 
Sample # Thickness (mm) Fracture Fracture Fracture 
(Lb) (N) (Kgf) 
2 2.54 69.0 306.9 31.3 
3 2.51 70.5 313.6 32.0 
8 2.51 73.0 324.7 33.1 
17 2.51 77.5 344.7 35.1 
25 2.51 72.5 322.5 32.9 
29 2.49 72.0 320.3 32.7 
30 2.51 74.0 329.2 33.6 
31 2.50 74.0 329.2 33.6 
38 2.50 72.0 320.3 32.7 
44 2.51 77.5 344.7 35.1 
Mean 2.51 73.2 325.6 33.2 
s.o. 0.01 2.72 12.1 1.2 
c. Variance 0.0002 7.4 7.4 7.4 
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TABLE 8 
Group #3 (Glaze): Thickness and Load to Fracture 
Sample# Mean Load to Load to Load to 
Thickness (nun) Fracture Fracture Fracture 
(Lb) (N) (Kfg) 
, 
5 2.54 77.5 344.7 35.1 
10 2. 56• 97.0 431.5 44.0 
14 2.51 73.0 324.7 33.1 
18 2.51 84.5 375.9 38.3 
19 2.50 78.0 347.0 35.4 
21 2.50 81.5 362.5 37.0 
22 2.53 79.5 353.6 36.1 
36 2.50 75.0 333.6 34.0 
37 2.48 77.0 342.5 34.9 
43 2.49 73.5 326.9 33.3 
Mean 2.51 79.6 354.1 36.1 
S.D. 0.02 7.04 31.3 3.2 
c. Variance 0.9715 8.84 8.84 8.84 
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TABLE 9 
Group #3 (Tuf-Coat 1): Thickness and Load to Fracture 
Mean Load to Load to Load to 
Sample # Thickness (mm) Fracture Fracture Fracture 
(Lb) (N) (kgf) 
9 2.50 96.0 427.0 43.5 
13 2.50 100.0 444.8 45.3 
23 2.50 1 93.0 413.7 42.2 
32 2.48 90.0 400.3 40.8 
33 2.53 92.0 409.2 41.7 
34 2.49 104.0 462.6 47.2 
39 2.50 98.0 435.9 44.4 
41 2.50 106.0 471.5 48.1 
42 2.50 103.0 458.2 46.7 
45 2.49 82.0 364.7 37.2 
Mean 2.50 96.4 428.8 43.7 
S.D. 0.01 7.37 32.77 3.34 
c. Vari 0.5333 7.64 7.64 7.64 
ance 
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TABLE 10 
Group #3 (Tuf-Coat 2): Thickness and Load to Fracture 
Sample# Mean Load to Load to Load to 
Thickness Fracture Fracture Fracture 
(mm) (Lb) (N) (Kgf) 
1 
58 2.54 75.0 333.6 34.0 
59 2.52 87.0 387.0 39.5 
60 2.51 95.0 422.6 43.1 
61 2.50 85.0 378.1 38.6 
62 2.51 87.0 387.0 39.5 
63 2.53 92.0 409.2 41.7 
64 2.49 82.0 364.7 37.2 
65 2.51 74.0 329.2 33.6 
66 2.50 103.0 458.2 46.7 
67 2.52 100.0 444.8 45.4 
Mean 2.51 88.0 391.4 39.9 
S.D. 0.01 9.69 43.1 4.40 
c. Vari 0.5947 11.02 11.02 11.02 
ance 
DISCUSSION 
As part of this research project a new technique to 
produce disc porcelain sample was developed. The main 
. ' benefit of this method is that it allows easy and rapid 
sample production. The following paragraphs explain the 
advantages and limitations of this method. 
This sample fabrication technique results in a dense 
ceramic body and decrease porosity that could affect the 
strength and color of the samples. Hand-finishing of ceramic 
specimens results in surface defects that can be critical to 
the strength of brittle materials. Also it is very time 
consuming and produces geometrical variation between samples. 
18 This procedure is eliminated in the technique described 
here. 
The coefficient of variance for these samples is less 
than 1% for all groups, smaller than the trimmed disc from 
Southans (1973) study. 12 The combination of a highly 
accurate machined mold and plungers with a hydraulic press 
for condensation, allows the production of porcelain discs, 
with near perfect edges and shape without the need for the 
hand-machining procedure. 
44 
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Highly compressed samples like the ones in this study 
undergo less shrinkage and in conjunction with the use of a 
refractory tray wrapped with platinum foil, they provide a 
more even shrinkage resulting in samples with a flat surface, 
instead of the concave surface observed with vibrating 
condensation. Stewart (1987) explains in his study how 
geometrical changes ,like the lack of parallelism of the 
surfaces will affect the strength of the porcelain when using 
diametral testing such as the 3 point bending test. 
problem is solved with the described technique. 19 
This 
This method is flexible, allows the researcher to create 
samples with different characteristics depending on the 
design and purpose of his project. Example: different 
thickness and diameter. 
The main limitation of this technique is that the 
condensation procedure does not resemble the methods that are 
routinely used in clinical situations. Nevertheless, McLean 
studied the influence of condensation methods on the strength 
of dental porcelain and he found no significant difference 
in the modules of rupture between highly compressed samples, 
wet vibration and no vibration techniques (3). 
It is relatively simple to standardize condensation 
with a hydraulic press compared to a vibrating condensation 
technique. It results in a dense ceramic body, which is 
important for the strength of ceramics because stress 
concentration at the site of bubbles or voids could affect 
46 
the resulting measured strength of the porcelain. 
In order to get some evidence regarding the amount of 
porosity in compressed samples compared to hand condensated 
samples, one sample of each kind was broken and the fracture 
surface was observed under the electron-microscope. Figures 
13 and 14 show the compressed and hand condensated samples 
respectively at 1.50Kx. A comparable amount of porosity was 
' 
observed, maybe because during firing the porcelain particles 
in the powder melt and fuse together to form a very dense 
body. This is also observed on figure 15 at 10.0Kx. This 
study did not find an obvious difference between the hand 
condensated sample and the compressed sample, therefore the 
sample condensation technique described in this study can be 
considered to produce samples with density similar to that 
found in a clinical situation; but since this method of 
condensation is more reliable, the shrinkage during firing 
is less and therefore the geometric shape of the specimens 
is more consistent. Therefore, results obtained with our 
method of condensation could be argued to be representative 
to some extent of routine clinical fabrication methods. 
Excellent thickness and shape standardization obtainable with 
this technique with out introduction of surf ace defects, which 
could be more detrimental to the strength of dental porcelain 
is probably more important. 
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Figure 13: Highly compressed sample when observed under the 
electron microscope showed some porosity. (1.5Kx). 
Figure 14: Hand condensed samples observed under the electro 
microscope (1.5 Kx) showed some porosity. 
48 
15kv 10 . 0kx 1 . 00}' 469 
1Skv 10. 0kx 1. 00}' 467 
Figure 15: shows the hand condensated (upper) and highly 
compressed (lower) samples at 10.0 Kx; no difference in the 
amount of porosity was observed. 
49 
In his study of the effect of surface injury on 
chemically strengthened dental porcelain, Southan found that 
surface injuries can reduce the strength of an untreated 
porcelain sample to 20% of its original strength. 11 
Therefore, the benefits of highly compressed samples that do 
not need to undergo surface finishing to obtain accurate 
dimensions outweigh , the disadvantage of not simulating 
clinically representative condensation techniques. By 
elimination of hand-finishing and machinery a variable that 
could significantly affect the results of the study is 
excluded. Another study by Evans et al found that the 
condensation technique had no significant difference on the 
specific gravity of samples, but influenced sample shades 
16,17 From this point of view, highly compressed samples are 
more suitable to study color properties of dental porcelain. 
It is imperative for any method that produces porcelain 
specimens to provide the researcher with a reliable group of 
samples of consistent and predictable composition. Studying 
dental porcelain strength the coefficient of variance for 
load to fracture must be as low as possible. Southan in 
1973, compared three methods of sample production and found 
that trimmed discs with a three point supporting system and 
a central load had a lower coefficient of variation for load 
to fracture than untrimmed discs and rectangular wafers. 
In this study the average coefficient of variance of the load 
to fracture, calculated for all 3 groups and sub-groups is 
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8.21% which is comparable to Southan•s trimmed discs 
coefficient of variance equal to 8.8%. 
Porcelain thickness has been found to have an effect 
on ceramic strength. As material thickness is increased, the 
specimen becomes stronger. It is possible that continuous 
thickness increase will result in a sample so strong that it 
is unbreakable. Also, as thickness is increased, 
' 
strengthening procedures such as ion exchange can become 
insignificant. The geometrical shape of a porcelain 
restoration also has an effect on the strength. This merits 
further investigation and must be considered when comparing 
studies using samples with different shape or thickness. 
Stewart et all used a torsional method to asses the 
strength of dental porcelain. They also found that glazed 
samples are stronger that ground samples, probably because 
with grinding microcracks are produced in the surface 
weakening the samples. 19 In this study glazed samples were 
also stronger than control samples, although the latter were 
not ground. Thus glazing seems to have an effect on dental 
porcelain strength. The main objective of glazing porcelain 
is to create a surface luster similar to that of natural 
teeth. 22 It seems to have also an effect over the strength 
of dental ceramics, probably due to the fact that during 
glazing some surface scratches are eliminated. Raimondo et 
al, compared autoglazed dental porcelain with several 
polishing systems; after examination of the samples with 
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electro-microscopy, oven-glazed specimen showed the best 
finish. 24 Another theory is that glazing produces a 
difference in the coefficient of thermal expansion between 
the glaze and the underlying surface which will result in a 
compressive stress at room temperature. 13 In the present 
study auto-glazed produced a 8. 81% increase in strength 
compared with the erontrol samples; however it was not 
statistically significant. 
The chemical treatment applied to dental porcelain in 
this study resulted on a 31.69% increase in the strength of 
the material. southan (1970) reported a much higher increase 
in the strength (121%). This difference could be due to the 
fact that he was using rectangular wafer samples with a 3 
point loading system different from the circular ones in this 
study; also, his samples were abraded and therefore surface 
defects may have been present 9 • Ion exchange could have an 
effect on the ability of porcelain to stand surface flaws, 
resulting in a much more dramatic increase of strength when 
the treatment is applied to ground samples. These findings 
are in accordance with Sou than' s study on the effect of 
surface injury on chemically strengthened dental porcelain: 
Samples with significant surface injuries if chemically 
treated were stronger than untreated samples even if no 
surface injury was present. 11 In that study the trimmed disc 
from Southan's 1973 study were used. The load to fracture 
for uninjured 2mm thickness was 210N, while our 2. lmm 
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untreated untrimmed samples had a load to fracture of 219N. 
Although the load to fracture in these studies is 
comparable, southan found a more dramatic strength increase 
for treated porcelain. Such a difference can be associated 
with the fact that absolutely no surface grinding was done 
to the samples in our study. 
Southan in 1970 compared the strengthening effect of 
' 
ion exchange with dispersion methods using dispersants, such 
as alumina and quartz. Chemical treatment was more 
beneficial to the strength of the ceramic 9 • A more recent 
study on the laminate strength of dental porcelain attempted 
to overcome the opacifying effect of aluminous porcelain by 
covering it with a layer of enamel porcelain. 20 
Strengthening was observed when the side with aluminous 
porcelain was under tensile stress. Nevertheless this is not 
the situation in the oral cavity where tensile stress 
concentrates on the outer surface of the restorations. 20 Ion 
exchange treatment can be applied to both inner and outer 
surfaces of the ceramic restoration, and the results of this 
study showed that althought the strengthening effect of ion-
exchange is more dramatic when the treatment is applied to 
the surface under tensile stress (31.69%) it is also 
effective when applied to the surface under compressive 
forces although to a lesser extent (20.22%) when compared 
with control samples. It is known that porcelain is weaker 
under tensile forces than under compressive forces. When 
53 
discs are tested with an appliance like the one in this 
study, the highest concentration of tensile forces occurs at 
the surface facing the lower plate. However it must be 
considered that some tensile forces concentrate around the 
central load. Since ion-exchange improves the ability of 
porcelain to withstand tensile forces it thus has an effect 
on the strength of the samples when applied to any of the 
1 
surfaces of the specimen. 
Transmission of light by dental porcelain is a very 
important factor for the esthetics of dental ceramic 
restorations. southan (1987) 21 studied the effect of ion 
exchange on the optical density of dental porcelain. He 
found that the treatment significantly increased dental 
porcelain strength but it did not significantly affect the 
optical density of the material. Although color stability 
was not determined in this study there was no noticeable 
change on the color of chemic-ally treated samples. 
Al though Seghi et al 10 used a different design for 
their study (wafer samples and three point loading test): 
they did employed the same product for the chemical treatment 
(Tuf-Coat, GC Dental Tucson, AZ). They found a 34% increase 
for the strength of Vita VMK68 (Vita Zahnfabrik, Bad 
Sackingen, FRG) which is very similar to our findings of 
31.69% increase. Both studies followed manufact-ure's 
instructions (GC Dental). Seghi et al included seven 
different brand names of porcelain in their study, all of 
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them were affected differently by the Tuf-Coat treatment. 
It is possible to consider that changes in the time and 
temperature will result in a higher increase of strength, 
because others like Southan (1987) found an increase of 68% 
after treating the sample in a KN03 bath at 600 C for 4.5 
hours 11 on a different study 21 he found 72% increase, while 
on his first study, ~ith different conditions for the ion 
exchange treatment as well as the mechanical tests, the 
increase was 62.9%. This fact has been observed by Dunn, 
Levy, and Resbick in 1977 after trying different times and 
temperatures for the Ceramic body porcelain (Ceramics Inc, 
New York, NY). Since the effect of ion exchange seems to 
vary according to factors such as porcelain brand names, ion 
exchange solution, time and temperature, more studies are 
necessary. The Tuf-Coat (GC Dental, Tuscon, AZ) ion exchange 
treatment offers the advantage of being simple and fast, 
therefore the ideal conditions for different porcelain brand 
names must be studied to achieve higher increase in the 
strength of each particular ceramic, although all porcelains 
treated with this ion exchange have a significant increase 
in their strength. Another possibility is the fabrication 
of new dental ceramics specially designed to undergo ion 
exchange, as well ion exchangers with compositions that meet 
the requirement of certain porcelain to be strengthened with 
chemical treatment. 
How does ion exchange produces an increase in the 
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strength of dental porcelain? This is a very complicated and 
important matter. The most common explanation is that with 
ion exchange smaller ions in the ceramic surface are 
substituted by bigger ions from the solution, consequently 
the silicate network is put under compression. Because of 
this compressive layer, it is necessary for tensile forces 
to overcome compressive forces before they can concentrate 
1 
around surface flaws.and produce fracture propagation. In 
order to keep the silicate network under compression, the ion 
exchange treatment must be applied at temperatures below the 
anneling temperature of the glass so that no rearrangement 
for the bigger ions is allowed. Jones in 1977 14 advocated 
ion exchange treatment at higher temperatures but shorter 
periods of time. Since the temperature (830 C) is higher 
than the anneling temperature, the preceding explanation is 
not valid. Nevertheless a 45% increase in the strength have 
been found, due to the massive exchange of Na+ ions by K+ ions 
that results on a lower coefficient of thermal expansion at 
the surface of the porcelain body, and on cooling, the 
surface is placed under compression. 13 During fabrication 
of dental porcelain a silicate glass known as leucite is 
formed (K20. Al2 03 • 4Si02 ) This material has a very high 
coefficient of thermal expansion 22 Therefore when 
fabricating dental porcelain additives like K20, Na20, B20, 
Li20, Bao, are used to obtain a ceramic with a lower 
coefficient of thermal expansion that will match those of 
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metals. Na20 is important to obtain adequate coefficient of 
thermal expansion; it is not added to the porcelain because 
it is already present as an impurity of potash feldspar. 
Since we know that inorganic salts of metals like rubidium, 
cesium and potassium are present in the ion exchanger used 
in this study 23 and they are exchanged by Na+ the effect of 
such exchange in the qoefficient of thermal expansion of the 
outer layer of the dental ceramic could some how produce 
strengthening of the material. Therefore more studies to 
understand the generation of compressive forces within the 
porcelain after undergoing ion exchange are necessary. 
SUMMARY AND CONCLUSIONS 
Dental porcelain has excellent esthetics and biological 
properties, but physical properties need to be improved and 
more studies are necessary. 
This thesis describes a simple technique to produce 
disc shape porcelain samples. A dense porcelain body is 
obtained, the geometric shape of the specimens is consistent 
and no hand finishing is required. Since porcelain sample 
fabrication is simplified with this method, more research can 
be done to find ways to enlarge the application of porcelain 
in the field of dentistry. 
Surface treatment is an uncomplicated procedure that 
can be used to improve the strength of dental porcelain. 
Glaze of dental ceramic provides the clinician with a smooth 
lustered surface similar to natural teeth, this study found 
that it also increases the strength by 8.81% but this is not 
statistically significant. Ion exchange treatment of dental 
ceramics offers a fast way to increase the ability of 
porcelain to stand tensile and compressive forces. There are 
many variables like porcelain composition, ion-exchange 
solution, temperature, etc, that affect this procedure, 
57 
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therefore more studies are necessary to create materials that 
are specially designed to obtain the best performance. It 
is also necessary to study the mechanism of ion exchange and 
how does it produce strengthening of the porcelain. 
59 
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